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ABSTRACT 
Insulated Concrete Formwork (ICF) is a site-based Modern Method of Construction (MMC). As a MMC, ICF has several 
advantages; increased speed of construction, cost and defect reduction, safety, among others. Moreover, the ICF wall 
construction method has similar benefits to any other heavyweight structure (such as strength, durability, noise 
attenuation). However, its thermal performance is not yet well-researched and understood. Using computational analysis 
and empirical evaluation, the aim of this research was to analyse the thermal performance of an existing ICF building; 
and to develop evidence about its transient thermal behaviour and how the latter is affected by the inherent thermal 
inertia of the concrete core. The results demonstrated that the ICF fabric showed a slow response to changes in boundary 
conditions, providing a stable internal environment. The concrete core of ICF was found to act as a buffer to the heat 
flow, reducing the transmission losses by 37%, compared to a lightweight wall with equivalent insulation. The analysis 
showed that although ICF is mostly considered as an insulated panel, the element’s thermal mass is not as decoupled 
from the internal space, as has been thought the case.  
1. Introduction 
Improved building fabric performance (reduced infiltration, better insulation and optimal use of solar gains) is a primary 
consideration to reduce energy consumption in the built environment [1]. The thermal mass of a building’s fabric can 
be used as a passive design strategy to reduce energy use for space conditioning [2][3][4][5][6]. The term thermal mass 
defines the ability of a material to store sensible thermal energy by changing its temperature. The amount of thermal 
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energy storage is proportional to the difference between a material’s final and initial temperatures, its density, and its 
specific heat capacity[7]. In simple terms the thermal mass (or thermal storage capacity) of the building fabric is its 
ability to capture and store casual and solar heat gains during time of surplus, disseminating the stored heat at time of 
scarcity[2].  In this way the building fabric helps to moderate internal temperature swings and shifts (delays) the time 
that the peak load occurs, resulting ultimately in reduced energy use for space conditioning[8][3][9]. All building 
construction methods can broadly be categorised as lightweight, medium weight and heavyweight, according to the level 
of thermal mass in the building fabric [8]. 
1.1 Insulated Concrete Formwork as a heavyweight Modern Method of Construction 
The UK housing construction industry has been characterised as conservative with very little changes noticed in the 
building design, construction and layout over the past 100 years [10] [11]. However, a recent industry survey conducted 
by the National House Building Council (NHBC) [12] indicated that there is a noticeable turn toward lightweight and 
other off-site Modern Methods of Construction (MMC) due to their advantages in reducing cost, time, and defects. ICF 
is categorised as one of the site-based MMC [10]. The ICF wall component consists of modular prefabricated Expanded 
Polystyrene Insulation (EPS) hollow blocks and cast in situ concrete. The hollow blocks are assembled on site and the 
concrete is poured into the void. Once the concrete has cured, the insulating formwork stays in place permanently. The 
resulting construction structurally resembles a conventional reinforced concrete wall. The ICF wall system has several 
advantages; it shows an increased speed of construction, a significant structural strength and durability, and better noise 
attenuation. With regards to its thermal performance, ICF can provide complete external and internal wall insulation, 
minimising thermal bridging, providing very low U-values and high levels of air-tightness, if installed correctly [13].   
ICF is often thought of as an insulated panel, acting thermally as a lightweight structure.  There is a view that the internal 
layer of insulation isolates the thermal mass (say, of the concrete) from the internal space and interferes with thermal 
interaction. Despite evidence supporting ICF’s thermal storage capacity (compared to a lightweight timber-frame panel 
with equivalent insulation), there remains an important shortcoming in knowledge of how ICF operates thermally, in 
this case, there is a generally poor level of understanding of how to quantify the effect of the thermal mass within ICF. 
Several field and computational studies have been conducted in the past, mainly in the USA and Canada, aiming to 
investigate the benefits of the inherent thermal mass located at the core of ICF. The National Association of Home 
Builders (NAHB) Research Centre conducted a field study in Maryland, USA to evaluate the energy consumption of 
three side-by-side houses, two ICF houses and one built with timber-frame walls [14]. The houses were identical (apart 
from the external wall construction) unoccupied and built for the purposes of the study. The results showed that the two 
ICF houses performed much better than the timber-frame building, requiring on average 20% less energy for space 
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conditioning. However, the authors suggested that this difference was mostly attributed to the different thermal resistance 
(R-value) of the walls and that the contribution of the ICF thermal mass was negligible. Similar conclusions were drawn 
by Hill and Monsour [15], who performed a monitoring project to characterise the thermal performance of ICF and its 
airtightness in a residential building located in Ontario, Canada. By placing temperature sensors and taking heat flux 
measurements, the aim was to record the transient temperature behaviour of the ICF wall. Subsequently, a computational 
comparative analysis was performed (using eQUEST) and the as-built scenario was compared to a theoretical model 
without thermal mass (resembling a timber-frame structure). The authors concluded that there were insignificant 
improvements in terms of energy consumption between the ICF and timber-frame buildings. Armstrong et al. [16] 
conducted a field monitoring study on the dynamic heat transmission through an ICF wall in Canada. In contrast to the 
previous two studies, the authors concluded that during transient conditions, the concrete core of ICF played a significant 
role in tempering heat losses to the exterior. The thermal mass of the concrete has been shown to reduce the peak heat 
flux through the assembly during cold weather.  
Gajda and VanGeem [17] conducted a computational analysis using DOE2.6 simulation program to compare the energy 
use in a typical house for five different locations across the USA, and for three different wall configurations; a 
conventional timber-frame wall, an ICF wall and a non-mass “ICF” wall (according to the minimum energy code 
requirements). The results indicated that in all locations the ICF wall showed higher energy savings compared to the 
other two walls. In the comparison of ICF to timber-frame the savings reached up to 9%. However, a limitation of this 
study was that the two different walls under investigation had different thermal resistances (R-values), hence a direct 
comparison could not provide feedback on the contribution of the ICF’s thermal mass solely on the aforementioned 
energy savings. Kosny et al. [18] performed a comparative computational analysis (using DOE-2) on the energy 
performance of lightweight and massive walls (including ICF) and calculated the potential energy savings for 10 
different locations in USA climates. They concluded that among the high thermal mass configurations, the thermal 
performance of ICF was in between the thermal performance of the externally insulated and the internally insulated 
concrete wall and performed worse than a sandwich panel, where the insulation would be located at the middle of the 
wall. In the comparison of ICF to conventional timber-frame wall, the results showed that ICF can provide between 6% 
and 8% energy savings. However, similarly to the previous study, the R-values of the two walls were not equal. As a 
result, it is not possible to distinguish exactly which part of the energy savings are attributed to the thermal mass and 
which part is because of the enhanced fabric resistance of the ICF wall. Saber et al. [19] investigated (using numerical 
analysis) the contribution of ICF thermal mass due to the concrete layer compared to a theoretical “ICF” wall without 
concrete and equal R-value for the cold climate of Ottawa, Canada. The results showed that the thermal mass of the 
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concrete core can lead to up 6% savings in heating loads, compared to the same wall without the concrete layer. Hart et 
al. [20] used simulation (EnergyPlus) to analyse the variation in energy end-use for a set of different wall types across 
different climate zones in the USA. The study compared externally and internally insulated concrete walls, ICF and 
timber-frame walls. With regards to ICF, the analysis showed that the energy use of ICF falls between the energy 
consumptions of externally and internally insulated concrete walls and always performs better than a timber-frame wall 
with equal levels of insulation. Rajagopalan et al. [13] performed a comparative life cycle assessment (LCA) of wall 
sections comprised of ICF and timber-frame for the whole life cycle phases of a buildings, from raw materials to 
manufacturing, construction, use and end of life phases. They concluded that ICF has a higher embodied carbon than 
traditional timber-frame wall during manufacturing phase. Yet, the ICF showed reduced energy consumption during the 
use phase of the buildings, meaning that the overall environmental footprint of the ICF building could be outweighed by 
benefits achieved in terms of energy savings during the operational phase of the building.  
Very few studies have considered the accuracy of ICF simulation in current building performance simulation (BPS) 
tools and software [21][22][23][24][25]. Kosny and Kossecka [21] investigated the limitations associated to one-
dimensional heat transfer analysis adopted in many of current simulation programs and proposed a method of 
implementing three-dimensional heat transfer modelling within whole building simulation tools. They proposed the 
concept of “equivalent wall”, expressing the role of storage effects in heat flow through an element and tested the 
accuracy of this method against one-dimensional heat transfer and accurate three-dimensional model (using finite 
difference modelling). They found that for simple low thermal mass wall assemblies (such as timber-frame walls) the 
difference between one-dimensional and 3-dimensional heat transfer modelling was below 2%. However, for complex 
wall assemblies (such as ICF), the difference was in instances up to 27%. Mantesi et al. [25] investigated the “modelling 
gap”, namely the impact of default settings and the implications of the various calculation algorithms on the results 
divergence in thermal mass simulation using different tools. Three different construction methods were included in their 
analysis; ICF, low thermal mass (timber-frame) and high thermal mass (concrete wall). The results indicated that the 
modelling uncertainties accounted for up to 26% variation in the simulation predictions (annual heating of the ICF 
building), if the user relies on the default settings of the tools.  
All of the previous studies presented in this section analysed the thermal performance of ICF, using either simulation or 
field measurements of test rigs. Fewer studies have combined simulation and monitoring results, and these have focused 
on the transient performance of the ICF wall assembly, measuring solely surface temperatures and heat flux of the ICF 
fabric. None of the aforementioned studies has considered internal thermal conditions and the energy consumption of 
an existing occupied ICF building. 
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1.2 Aim of the research 
To the authors’ knowledge this is the first whole building monitoring study conducted in a real ICF occupied detached 
building in Europe (namely in the UK), which combines computational analysis and empirical data. Although ICF dates 
back in Europe to the late 1960’s [16], it is often characterised as an innovative wall technology because it has only 
recently become more popular for use in residential and commercial construction. Additionally, an ICF building shows 
significantly increased speed of construction, compared to traditional construction methods; hence ICF is often classed 
among the MMCs.  
Using both empirical data and computational analysis, this study aims to find evidence with respect to the thermal storage 
capacity of the ICF concrete core and to demonstrate whether an ICF building could be characterised as a thermally 
heavyweight or lightweight structure. Furthermore, the combined analysis of monitoring and simulation results allows 
the accuracy of simulation predictions to be empirically evaluated. With the use of calibrated models (based on the 
monitoring data), the as-built scenario is compared to other known wall constructions with a degree of confidence in the 
reliability of predictions, aiming to assess its thermal performance against alternative high and low thermal mass 
constructions.  
2. Methodology 
The study was conducted in three phases. Phase 1 comprised the thermal monitoring of the selected ICF building case 
study. In phase 2 information from the monitoring was used to calibrate a simulation model, created using EnergyPlus 
8.6. Then the monitoring data were plotted against simulation predictions to quantify their divergence and to empirically 
assess the accuracy of simulation predictions. The Root Mean Square Error (RMSE) and the Mean Biased Error (MBE) 
as shown in the following equations were used to calculate the error between monitoring and simulation results [26]. 
𝑅𝑀𝑆𝐸 =  √
∑ (𝑚𝑖−𝑠𝑖)
2𝑁
𝑖=1
𝑁
 (1) 
𝑀𝐵𝐸 (%) =
𝛴𝑖=1
𝑁 (𝑚𝑖−𝑠𝑖)
∑ 𝑚𝑖
𝑁
𝑖=1
  (2) 
Where, 
RMSE is the root mean square error 
MBE is the mean biased error 
mi and si are the respective measured and simulated data points for each model instance time step 
N is the number of data points 
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Moreover, the diurnal internal and external temperature variations were used to calculate the decrement factor (Df) and 
the decrement delay (ω) of the building [8].  
𝐷𝑓 =
𝑡𝑖,𝑎𝑚𝑝
𝑡𝑒,𝑎𝑚𝑝
   (3) 
Where, 
Df is the decrement factor 
te,amp is the amplitude of the external temperature sine wave (K) 
ti,amp is the amplitude of the internal temperature sine wave (K) 
𝜔 = 𝑇𝑡𝑖,𝑚𝑎𝑥 − 𝑇𝑡𝑒,𝑚𝑎𝑥    (4) 
Where, 
ω is the decrement delay (Hours) 
Tti,max is the time of the maximum internal temperature (Hours) 
Tte,max is the time of the maximum external temperature (Hours) 
 
In phase 3, three different wall constructions were compared among each other, ICF, high thermal mass (HTM) and low 
thermal mass (LTM). For ease of reference, these will be referred to as ICF, HTM and LTM from this point forward. 
2.1 Case study building 
Monitoring data were gathered from an ICF low-energy dwelling, designed to achieve near Passivhaus levels (Fig.1a). 
The case study is a two storey, three-bedroom house of approximately 250m2, located in the wider area of Guildford, 
Surrey in a rural settlement called Gomshall, in the UK. The building envelope uses ICF walls, an insulated foundation 
raft, a prefabricated concrete hollow-core slab, and prefabricated EPS roof panels.  
The county of Surrey has a temperate maritime climate with typically warm rather than hot summers and cool to cold 
winters. On average the hottest month is July in summer and the coldest is January in winter [27]. Indicative values of 
the local climate are shown in Table 1. 
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Figure 1: The case study building: a) South-West view of the building, b) Cross-section of ICF wall showing location 
of the surface temperature and heat flux sensors, c) Ground-floor plan and d) First-floor plan of the building. 
 
Table 1: Indicative values of climate data for Guildford, Surrey, UK [27], [28]. 
WEATHER DATA 
Dry Bulb Minimum Temperature (Co) 6.5 
Dry Bulb Maximum Temperature (Co) 15.0 
Heating degree days2 (at 15.5oC) 1924.7 
Cooling degree days (at 15.5oC) 487.6 
Sunshine (hours per annum) 1564.2 
Rainfall (mm per annum) 656.6 
Mean wind speed at 10m (knots) 5.0 
 
The monitoring study lasted for approximately 20 months, between April 2016 and February 2018. The recorded data 
comprised the following: 
• On-site weather data  
• Surface and intra-fabric temperatures of the external walls 
• Heat fluxes of the building fabric 
                                                          
2 In the UK, degree-days are published to a traditional base temperature of 15.5 °C [28]. 
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• Internal air temperatures 
• Internal relative humidity 
• CO2 levels 
• Energy consumption  
• Windows opening and closing activity 
Weather data (i.e. dry-bulb temperature, dew point, relative humidity, atmospheric pressure, wind speed and direction) 
were recorded on site at a one minute time step [29]. An irradiance sensor (pyranometer) was also installed on site to 
record global solar radiation (again, at a one minute resolution) [30]. The Perez model was used in EnergyPlus to split 
global solar radiation into direct normal and diffuse horizontal components [31][32]. Surface temperatures were recorded 
on the north facing wall using PT1000 thermistors. Three thermistors were installed across the ICF wall section; one in 
the external surface of the external layer of insulation, one in the interface between the concrete core and the internal 
layer of insulation and one at the internal surface of the ICF wall (Fig.1b). Heat flux measurements were also conducted 
on the internal surface of the North ICF wall, using thermophile flux sensors [33]. Both surface temperatures and heat 
flux measurements were recorded in a two-minute time step resolution. Internal air temperature and relative humidity 
were recorded in all rooms, every 15 minutes, using HOBO U12 stand-alone loggers [34].  
The analysis reported here considers two periods, one week in the summer of 2016 (07 – 13 July 2016) and one week in 
spring of 2017 (14 – 20 April 20173), both of which were at times when the house was unoccupied4. The aim being to 
reduce the level of uncertainty and investigate how the fabric would perform (with regard to internal air temperatures) 
under a free-floating mode, without the influence of other parameters (such as HVAC operation, mechanical ventilation, 
occupancy, user behaviour, etc). The results of internal air temperatures were presented for the ground floor living room, 
indicated in Fig.1c as the grey-shaded area. The room is south-facing and has a large opening on the south wall (without 
shading) and two more windows on its east and west walls. Heat flux and surface temperatures were measured at the 
north wall of the first floor, north facing storage room (indicated as the red-shaded area in Fig.1d). The room had no 
windows and it was unheated throughout the monitoring period.  
  
                                                          
3 The ambient temperatures during the month of April 2017 were low enough to consider this period as a 
representative winter period. However, the solar radiation availability was relatively high compared to a typical winter 
week, resulting in higher internal temperatures than one would expect when the house operates in free-floating mode 
(no space conditioning). 
4 Although the building was unoccupied during the summer week under investigation, the MVHR system was running 
on constant low speed and air flow rates, to prevent heat accumulation. 
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2.2 Model settings and calibration 
The simulation model of the building case study was created using EnergyPlus 8.6 [32]. EnergyPlus is an open-source, 
freeware, validated and commonly used dynamic BPS tool, developed by the Department of Energy (DOE) in the USA. 
In [25], the authors investigated the impact of default settings and the implications of the various calculation algorithms 
on the simulation of thermal mass when using different BPS tools. EnergyPlus was selected for the analysis presented 
in this paper, as it offers significant flexibility to the user, through changing from default to advanced settings. Eight 
other BPS tools were considered and discounted [23]. In that respect, the calculation algorithms regarding convection 
coefficient calculation, conduction heat transfer calculation and solar distribution were selected to match closely the 
actual building performance. Being a heavyweight structure, the conduction heat transfer was simulated using the finite 
difference algorithm. The solar distribution was simulated using the full interior and exterior algorithm, where the 
program calculates the amount of beam radiation falling on each surface of the zone, including floors, walls and 
windows, by projecting the sun’s rays through the transparent surfaces. Finally, the appropriate convection coefficient 
algorithms were chosen according to the operation of the building for each of the analysed periods. The external 
convection coefficients were calculated using the DOE-2 algorithm for rough surfaces. The internal convection 
coefficients were calculated based on mixed and forced convection model for ceiling diffuser during the summer period 
(when the MVHR was running on constant low speed and air flow rates) and based on the temperature difference (TARP 
algorithm) during spring period, when the house was running with no mechanical ventilation [32]. 
Information from the thermal monitoring project regarding on-site recorded weather data, occupancy patterns and the 
use of MVHR and gas heating systems (for the spring period) was used to calibrate the simulation model. Reddy [35, 
p.1] described calibrated simulation as “the process of using an existing building simulation computer program and 
“tuning” or calibrating the various inputs to the program so that observed energy use matches closely with that 
predicted by the simulation program.” Once calibrated simulation is achieved, more reliable simulation predictions can 
be made [36]. Calibrated simulation is usually a very useful tool to explore hypothetical, alternative design and 
operational scenarios and measuring the savings of conservation retrofits to existing buildings [37],[36].  
The model was found to be sensitive to three main parameters, the zone internal heat gains, the infiltration rates and the 
ventilation flow rates of the MVHR. Infiltration rates were predicted utilising data from the leakage test that was 
conducted on the building; according to this test, the effective leakage area (ELA) @ 4Pa was found to be equal to 
0.39cm2/m2. This was used as an input to the simulations by multiplying this value with the exposed area of each thermal 
zone. However, during the test the MVHR unit was not in operation. Under actual conditions, when the MVHR unit is 
on, the infiltration rates may be different [38]. Since, the interaction between the MVHR and the airtightness of the 
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building was not considered in the simulations, the ventilation flow rates were used as a variable in the calibration 
process. The analysis was focused on two unoccupied periods (to investigate the performance of the fabric in free-
floating mode), however the simulation models were calibrated against occupancy patterns (internal heat gains from 
lighting, appliances and occupants), and heating setpoints/schedules for the weeks preceding the unoccupied periods. 
The calibration process was performed using the manual iterative technique [35],[26],[39],[40] in which the user of the 
BPS tool adjusts the input parameters on a trial-and-error basis until the model output matches the recorded data.  
2.3 Comparative analysis 
The ICF simulation model was used as a base-case, two additional models were created, the HTM and the LTM case. 
The only difference among the models was the construction of the external walls. Since the aim was to investigate the 
impact of the walls’ thermal mass on thermal performance, the thermal transmittance (U-value) was kept consistent in 
all three models to allow a direct comparison. Details of the material properties of all three construction methods are 
included in Table A.1 in the Appendix. A comparative analysis was performed on the performance of the three wall 
construction methods, focusing on internal air temperatures and on the dynamic characteristics of the fabric (Df – Eq. 3 
and ω – Eq. 4) as calculated based on the diurnal internal temperature variation in each of the three buildings.  
Initially, all three buildings were identical, the only difference was the level of thermal mass in the walls. However, it 
was essential to quantify the impact of heavyweight floors and interior thermal mass on the internal environment 
stabilisation. To do that, a parametric analysis was performed on the construction of the ground floor for the ICF building. 
Three different levels of thermal mass were employed for the floor, varying from lightweight to medium and 
heavyweight constructions. Details of the three different floor constructions can be found in Table A.2 in the Appendix. 
The results were plotted against a lightweight floor for the LTM building and a heavyweight floor for the HTM building, 
both representing conventional construction methods of the UK housing industry.  
Furthermore, Monte Carlo-based global uncertainty analysis (UA) was used to assess the role of the interior thermal 
mass (due to furnishing) on the internal temperatures of the space. Latin Hypercube Sampling5 (LHS) method was 
employed as a sampling method to generate sampled variables desirable for the UA [41],[42],[43] using SimLab 2.2.1 
[44]. All physical properties of the internal furnishing were assigned a mean (μ) based on information found in literature 
[45] and a uniform distribution, with a fixed relative range of 50%6. Details on the mean, minimum and maximum values 
                                                          
5 The LHS is a probabilistic sampling procedure that incorporates features of both random and stratified sampling. A weight is 
associated with each sampled element for the estimation of integrals. It is easier to implement than stratified sampling, yet achieves 
a good coverage of the sample space of the selected elements [41],[42]. 
6 Due to the high level of uncertainty on the properties of the internal furnishing, a fixed relative range of 50% was selected as 
appropriate to represent the likely variation on the level of interior thermal mass. 
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used in the UA are summarised in Table A.3 in the Appendix. A total number of 250 simulations were performed in 
JEPlus [46], varying multiple parameters concurrently. 
To determine the sensitivity of each of the three wall construction methods to physical uncertainties (including the 
thermal mass of the wall), global sensitivity analysis (SA) was adopted. Physical uncertainties refer to the physical 
properties of the wall materials; thickness (d), thermal conductivity (λ), density (ρ), specific heat capacity (c). Morris’s 
method was employed to generate sampled variables desirable for the SA [47], using again SimLab 2.2.1 [44]. All 
physical properties under investigation were assigned a mean (μ) based on the actual construction details from the 
building case study and a uniform distribution with a fixed relative range of 20%. Details on the mean, minimum and 
maximum values and used in the SA are summarised in Table A.4 in the Appendix. A total of 630 simulations were 
performed in JEPlus [46].  
As a final step, and in order to gain a better understanding of the transient thermal performance of the ICF wall and how 
it compares to the other two construction methods (LTM and HTM) with regards to its thermal mass, internal surface 
temperatures and heat fluxes were plotted based on both measured data from the building and simulation predictions 
from the models. Intra-fabric temperatures and heat fluxes calculated from the finite difference algorithm employed in 
EnergyPlus [32] were used to establish whether the thermal storage capacity of ICF concrete core made any contribution 
to the overall thermal performance of the building. 
3. Results and Analysis 
The results section is structured in four sub-sections. Sub-section 3.1 focuses on the empirical validation of simulation 
predictions. Sub-sections 3.2 to 3.4 relate to the comparative analysis of ICF to the alternative wall constructions (i.e. 
HTM and LTM). 
3.1 Validation of simulation models 
The monitoring results in terms of zone mean air temperature for both periods of analysis (i.e. summer and spring weeks) 
were plotted against the simulation predictions provided by the BPS model. There was good agreement between 
simulation and measured data for both periods (Fig.2 and 3). During summer (Fig. 2) the error between monitoring and 
simulation results was calculated to RMSE = 0.25oC. The Mean Biased Error showed that the simulation model tends to 
under-predict the zone mean air temperature by MBE = 0.02%. In cold weather (Fig.3), the error between simulation 
predictions and the actual zone mean air temperature was calculated as RMSE = 0.45oC. The MBE indicated that the 
simulation model again under-predicts the internal air temperatures for the week under investigation by MBE = 1.05%. 
To date, there is no standard methodology available to calibrate a model in terms of indoor air temperatures. The 
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International Performance Measurement and Verification Protocol (IPMVP) [48] and ASHRAE Guideline 14 [49] 
provide some criteria for determining whether a model is calibrated, yet these are applicable only in the case that energy 
use is assessed.  
 
 
Figure 2: Empirical Validation of ICF simulation results. a) Monitoring results on zone mean air temperature, dry-
bulb temperature and global radiation, b) closer view of comparison between monitoring results and simulation 
predictions. Warm period analysis for the unoccupied week 07 – 13/07/16. The green area in the graphs indicates the 
measurement uncertainty of the internal air monitoring sensors. 
 
 
Figure 3: Empirical Validation of ICF simulation results. a) Monitoring results on zone mean air temperature, dry-
bulb temperature and global radiation, b) closer view of comparison between monitoring results and simulation 
predictions. Cold period analysis for the unoccupied week 14 – 20/04/17. The green area in the graphs indicates the 
measurement uncertainty of the internal air monitoring sensors. 
 
Looking at the dynamic characteristics of the building fabric (i.e. decrement delay ω and decrement factor Df) for the 
summer period (Fig.4), it becomes apparent that although there is a very good consistency between measured results 
and simulation predictions for the decrement factor Df (the percentage difference between average measured Df and the 
average simulated Df is c.2%), the model tends to under-predict the decrement delay ω (62% lower ω is estimated by 
the model compared to reality). A better agreement is observed in the prediction of the decrement delay during spring 
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period7 as shown in Fig.5a, yet once again the model under-predicts the decrement delay in comparison to the actual 
performance of the building (c.33% lower ω is calculated based on simulation predictions when compared to measured 
data). Furthermore, during spring period, the model over-predicts the average value of the decrement factor, in 
comparison to reality, by c.40% (Fig.5b).  
 
Figure 4: Dynamic characteristics of the ICF fabric, as calculated based on monitoring results and simulation 
predictions for the summer unoccupied week 07 – 13/07/16; a) Decrement Delay, b) Decrement Factor 
 
 
Figure 5: Dynamic characteristics of the ICF fabric, as calculated based on monitoring results and simulation 
predictions for the spring unoccupied week 14 – 20/04/17; a) Decrement Delay, b) Decrement Factor 
 
3.2 The impact of varying thermal mass on zone mean air temperature 
3.2.1 The thermal mass of external wall construction 
The zone mean air temperature of the ICF building was compared against the HTM and the LTM building, for the 
summer week, 07 – 13 July 2016 (Fig.6). The graphs shows that the ICF building sits between the other two construction 
methods and behaves more similarly to the HTM building. The diurnal temperature variation of ICF increased slightly 
compared to the HTM building, with higher peaks of maximum air temperature. The diurnal profile of the LTM building 
                                                          
7 No time lag was evident in the measured data between the time of the maximum ambient and the maximum internal 
air temperature for the cold period. As a result, the decrement delay for spring was calculated based on the time lag 
between the minimum ambient temperature and the minimum internal air temperature. 
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was similar to the other two construction methods, yet the internal air temperature in the LTM building was higher, by 
an average of 2oC.  
 
Figure 6: Comparison of zone mean air temperatures between the three different construction methods for the summer 
unoccupied week 7 – 13 July 2016. Simulation results for the ICF, HTM and LTM buildings plotted against measured 
data for the ICF building. 
 
The daily temperature profile for all three building cases was plotted for a representative day in the summer week (Fig.7). 
The figure compares: the expected performance of the thermal mass based on theory (Fig.7a), the simulation results 
provided by the three models (Fig.7b), and the comparison between simulation and monitoring results for the ICF 
building (Fig.7c). One would expect the diurnal temperature fluctuation of the LTM building to be higher than the other 
two construction methods and closer to the ambient temperature profile (Fig.7a), due to the anticipated quick response 
of the low thermal mass fabric to changes in boundary conditions. However, based on the simulation results provided 
by the three models (Fig. 6 and 7b), the LTM building showed a similar dampening effect on the internal air temperature 
to the other two buildings. This can be attributed in part to the heavyweight ground floor, which was the same in all 
three models. The comparison between monitoring and simulation results, for the summer representative day (Fig. 7c), 
highlighted what was discussed earlier (Fig.2 and 4), i.e. that the simulation model was able to predict correctly the 
amplitude of the diurnal temperature wave, yet it under-predicted the decrement delay between the maximum internal 
and external air temperature. A finding which also applies to the other two construction methods (Fig. 7b).  
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Figure 7: Calculation of decrement factor and decrement delay of the three construction methods, ICF, HTM and 
LTM. Results plotted for a typical day in the summer unoccupied period. Comparison of: a) theoretical (expected) 
performance of thermal mass, b) simulation results for the three wall constructions, c) measured and simulation 
results for the ICF fabric. 
 
The daily decrement factor as calculated for the three buildings cases, based on the simulation predictions, was compared 
to the actual Df of the building, as calculated from the monitoring results (Fig.8). The graph shows that for the ICF 
building the simulation tends to slightly under-predict the decrement factor during warm weather, in comparison to the 
monitoring performance by RMSE = 0.04 (with an MBE = -2.15%). Based on simulation, the ICF and the LTM building 
had almost the same decrement factor Df during the summer week, ranging between Df = 0.15 and Df=0.25. The HTM 
building showed a lower decrement factor, compared to the other two buildings, fluctuating between Df = 0.10 and Df = 
0.21.  
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Figure 8: Comparison of decrement factor for the three construction methods, ICF, HTM and LTM as calculated 
based on the monitoring results and simulation predictions for the summer unoccupied week 07 – 13 July 2016. 
 
The daily temperature variation of the ICF building was compared to the other two construction methods, for the spring 
cold week (Fig.9). Here, the daily temperature profiles are closer in all three models than it was in summer (Fig. 7). The 
LTM building showed a slightly increased internal air temperature compared to the other two buildings. The difference 
between ICF and the HTM buildings was insignificant.  
 
 
Figure 9: Comparison of zone mean air temperatures between the three different construction methods for the spring 
unoccupied week, 14 – 20 April 2017. Simulation results for the ICF, HTM and LTM buildings plotted against 
measured data for the ICF building. 
 
The decrement factor as calculated for the three different buildings cases, based on the simulation predictions, as opposed 
to monitoring results is illustrated in Fig.10 for the cold week in April. Here, the simulation model of the ICF building 
over-predicts the decrement factor of the fabric in comparison to the actual Df calculated from monitoring data by RMSE 
= 0.1 (with an MBE = 40%). Based on the simulation predictions, the ICF and the LTM building had again almost the 
same decrement factor and the same range of variation throughout the week (i.e. between Df  = 0.18 and Df  = 0.3). The 
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HTM building showed a lower average Df compared to the other two construction methods, and a smaller range of 
variation (between Df = 0.15 and Df  = 0.23).  
 
 
Figure 10: Comparison of decrement factor for the three construction methods, ICF, HTM and LTM as calculated 
based on the monitoring results and simulation predictions for the spring unoccupied week 14 – 20 April 2017. 
 
3.2.2 Contribution of ground floor’s thermal mass 
To investigate the contribution of ground floor’s thermal mass in the thermal inertia of the whole building, the LTM 
building was simulated with a lightweight floor construction, the HTM building was simulated as it was (i.e. with 
heavyweight ground floor) and the ICF building was simulated with three different floor constructions, varying the level 
of thermal mass from lightweight to medium and heavyweight. The results are illustrated in Fig.11 and confirm what 
was discussed earlier (Fig.6, 7 and 9). The LTM building had previously shown the same dampening effect in the internal 
air temperature to the other two building (Fig.6 and 7b) due to the high thermal mass of the floor. When the building 
was simulated with lightweight ground floor, its diurnal temperature variation was significantly increased during warm 
and cold periods. The performance of the ICF building was different according to the level of thermal mass in the ground 
floor. Its diurnal temperature variation, although similar to the HTM building when simulated with heavyweight floor 
construction, it significantly increased as the level of thermal mass in the floor was decreasing. In fact, when the ICF 
building was simulated with lightweight floor in the spring unoccupied period, it showed a similar diurnal temperature 
profile to the LTM building. Nevertheless, during summer, the thermal storage capacity of the ICF walls, even when the 
ground floor construction was simulated as lightweight, resulted in an average of 2oC reduction in the internal air 
temperatures.  
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Figure 11: Comparison of ICF zone mean air temperature when varying the thermal mass of the ground floor from 
lightweight to medium and heavyweight construction. Results plotted against measured data from the ICF monitoring 
project and simulation predictions for a lightweight floor construction in the LTM building and a heavyweight floor 
construction in the HTM building. a) summer unoccupied week, 07 – 13/07/16, b) spring unoccupied week, 14 – 
20/04/17. 
3.2.3 The impact of interior thermal mass 
The interior thermal mass was simulated in the models based on the material properties of the internal furnishing (from 
information found in literature [45]) and the surface area of the furniture as measured in the actual building. However, 
the level of uncertainty in the input values remains high. In order to assess the role of interior thermal mass in the 
simulation results divergence, a global uncertainty analysis (UA) was performed. The results of the UA (Fig.12) 
indicated that the range of variation in the simulation of the zone maximum air temperature due to uncertainties in the 
interior thermal mass properties was small and equal to 0.47oC during warm period. During cold period the uncertainty 
in the zone maximum air temperature due to internal furnishing was insignificant.  
 
Figure 12: Variation of zone maximum air temperature due to uncertain input values in the interior thermal mass due 
to furnishing: a) summer unoccupied week, 07 – 13/07/16, b) spring unoccupied week, 14 - 20/04/17. 
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3.3 Sensitivity analysis of wall material properties  
The results of the sensitivity analysis are shown in Fig 13 for all three construction methods, for the summer unoccupied 
week and in Fig.14 for the spring unoccupied week. The bar charts in Fig.13 and 14 show the ranking order of the input 
parameters, in other words the overall influence of each input factor on the simulation output [47],[50]. The μ* is an 
absolute value, and although it is considered as a good indication of the absolute importance of the input factor, it does 
not give any insight on the whether the input parameters have an influence on the results with a positive or negative sign. 
A graphical representation of σ vs μ* (given in the scatter graphs of Fig.13 and 14) is given to evaluate the monotonicity 
of the input parameters. If the input factors are positioned below σ/μ* = 0.1 line then their behaviour is considered linear. 
If the input factors are positioned between the lines σ/μ* = 0.1 and σ/μ* = 0.5 then they are monotonic. If the input 
factors are between the lines σ/μ* = 0.5 and σ/μ* = 1 they are almost-monotonic. Finally, if they are above the σ/μ* = 1 
line they are considered highly non-linear and non-monotonic [50],[51]. 
The SA results showed that during the summer period (Fig. 13) the most significant parameters influencing the zone 
mean air temperature for the ICF building were the density, specific heat capacity and thickness of the concrete core, 
followed closely by the conductivity and thickness of the internal insulation layer, and the conductivity of the external 
insulation layer. In other words, the most important parameters affecting the internal air temperature of an ICF building 
during summer was the thermal mass of the concrete core and the thickness and conductivity of the internal insulation. 
Similar findings apply to the HTM building. The properties of the concrete (i.e. thickness, specific heat capacity and 
density) showed the most significant effect on the internal air temperature. The other two parameters that affected the 
zone mean air temperatures were the thickness and conductivity of the insulation layer.  
During the unoccupied week in April the results of the sensitivity analysis (Fig. 14) showed that for the ICF building, 
similarly to summer (Fig. 13), the zone mean air temperature was mostly affected by the properties of the concrete core 
(i.e. density, thickness, specific heat capacity,). Moreover, other influential parameters were found to be the conductivity 
of the layers of insulation both internally and externally. The external insulation layer, which was found to have an 
insignificant effect on the zone mean air temperature during summer, was found to be among the most sensitive 
parameters affecting the internal environment during cold weather. In the spring unoccupied week, the internal air 
temperature of the HTM building, in contrast to summer, was mostly sensitive to conductivity and thickness of the 
insulation layer, followed by thermal mass of the concrete layer (thickness, specific heat capacity and). In the LTM 
building, where there is no heavyweight layer in the construction of the wall, the zone mean air temperature was mostly 
sensitive to the thickness and conductivity of the insulation during both warm and cold periods. 
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Figure 13: Morris analysis of absolute mean (μ*) and standard deviation (σ) on mean zone air temperature when 
considering uncertainty in external wall material properties during summer unoccupied week: a) ICF Morris plot, b) 
ICF sensitivity ranking, c) HTM Morris plot, d) HTM sensitivity ranking, e) LTM Morris plot, f) LTM sensitivity 
ranking. 
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Figure 14: Morris analysis of absolute mean (μ*) and standard deviation (σ) on mean zone air temperature when 
considering uncertainty in external wall material properties during spring unoccupied week: a) ICF Morris plot, b) 
ICF sensitivity ranking, c) HTM Morris plot, d) HTM sensitivity ranking, e) LTM Morris plot, f) LTM sensitivity 
ranking. 
 
3.4 The impact of thermal mass on internal face heat flux 
The results of the sensitivity analysis for the two analysed periods indicated that the thermal storage capacity of the ICF 
concrete core affects internal air temperatures. In the following section, to investigate this issue further, the transient 
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performance of the three wall construction methods was investigated by analysing the internal surface and intra-fabric 
temperature and the internal surface conduction heat flow rate and energy.   
Measured data for the inside wall surface heat flux were plotted in comparison to the inside surface, the intra-fabric and 
the zone air temperature for a three-day period in the warm summer weather (Fig.15a) and three days in the cold spring 
week (Fig.15b). During warm weather the temperature of the concrete core was relatively steady – around 24oC. The 
surface and zone air temperature fluctuated between 24.5oC and 26oC. The Δt between the inside wall surface and the 
concrete core temperature was always higher than the Δt between the surface and the zone mean air temperature. 
Throughout the three days under investigation the heat flow was consistently from the inside of the zone towards the 
interior of the fabric (constant heat loss to the exterior, indicated with negative sign). There was no evidence of reversed 
heat flow (i.e. heat dissemination from the wall to the space).  
During the cold spring period, the monitoring results of the inside surface heat flux indicate a slightly increased heat 
flow rate (Fig. 15b) in comparison to the summer period (Fig.15a). Similarly to summer, the heat flow was consistently 
from the inside space towards the inside of the fabric. The wall surface showed slightly increased peaks of maximum in 
comparison to the zone mean air temperature. The monitored concrete core temperature was again relatively constant 
and around 17.5oC. The Δt of the surface temperature to the intra-fabric temperature was always higher for the whole 
three-day period compared with the Δt of the surface temperature and the zone air temperature. As a result, the heat flow 
was always from the internal space towards the exterior (negative sign), and there was no evidence of heat gains from 
the wall to the space. 
 
 
Figure 15: ICF measured inside surface, intra-fabric and internal air temperature plotted in comparison to inside 
face heat flux: a) three representative days of the summer unoccupied period, 15- 17 July 2016, b) three representative 
days of the spring unoccupied period 21-23 April 2017. 
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The simulation results provided by the three models for the inside wall surface heat flux, the inside surface, intra-fabric 
and the zone mean air temperature were plotted for the ICF building (Fig.16a), the HTM building (Fig,16b) and the 
LTM building (Fig.16c) for the cold period. Similar observations were found for both weeks (i.e. warm and cold 
weather), however for sake of brevity only the results of the cold period are presented here.  
The comparison of monitoring results (Fig. 15b) to simulation predictions for the ICF building (Fig. 16a) show that the 
model tends to under-estimate the intra-fabric temperature, by approximately 1oC. This resulted in a slightly increased 
heat flux, compared to the actual monitored performance of the ICF wall. Moreover, the simulation model under-
estimated the surface temperature in some instances and predicted a slightly higher daily temperature variation (reaching 
up to 2oC), when the monitoring results showed a maximum diurnal temperature variation of 1oC. In the comparison of 
the ICF building to the HTM and the LTM building (Fig.16), the ICF building showed the lowest heat flux of all three 
cases with a consistent heat flow from the interior of the space towards the inside of the fabric (similar to the monitoring 
performance – Fig. 15b). The HTM and the LTM buildings showed evidence of heat being disseminated from the wall 
to the internal space. In the HTM building (Fig.16b) the wall surface and intra-fabric temperature were almost the same 
with very little variation during the three days analysed. The zone mean air temperature fluctuated in a smaller range 
compared to the other two buildings. The heat flow was mostly from the internal space towards the fabric from midday 
until midnight. Some of this heat was released back into the space from midnight until the middle of the following day; 
showing evidence of the ability of the thermal mass to capture and store internal heat gains. The LTM building showed 
increased heat flow rates compared to the ICF building, with some instances of heat flowing from the outside to the 
internal space. The ICF and the HTM buildings showed a relatively stable intra-fabric temperature, around 16oC and 
18oC, respectively. In the LTM wall, the intra-fabric temperature fluctuated in a range of 12oC, between 13oC and 25oC. 
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Figure 16: Simulated inside surface, intra-fabric and internal air temperature plotted in comparison to inside face 
heat flux for three representative days of the cold unoccupied week, 21 – 23 April 2017: a) ICF wall, b) HTM wall, c) 
LTM wall. 
The intra-fabric temperature gradient of the three wall constructions was plotted in four time-steps during the course of 
a cold day (Fig.17). The temperature of the ICF concrete core was stable and around 16oC (Fig.17a). The inside wall 
surface temperature fluctuated by 1.5oC (between 17.5oC and 19oC), while the outside surface temperature showed 
significant daily variations in the range of 20oC (between 2oC and 22oC). Similar observations apply to the HTM building 
(Fig.17b). In the LTM building (Fig.17c), the outside surface temperature fluctuated in the same range as the other two 
construction methods (i.e. between 2oC and 22oC). However, the inside surface and intra-fabric temperature variation 
was significantly increased compared to the other two walls. More specifically, the inside surface showed a daily 
fluctuation between 15.5oC and 18.5oC and the intra-fabric temperature variation was in the range of 7.5oC (between 
10oC and 17.5oC). The corresponding internal air temperature variation was plotted for the same cold day analysed (i.e. 
23rd of April 2017) for all three constructions, ICF (Fig.18a), HTM (Fig.18b) and LTM (Fig.18c). The graphs show that, 
as anticipated, the HTM building had the smaller diurnal internal air temperature variation, Δt = 0.7oC. The ICF building 
showed higher internal air temperatures in comparison to the HTM building (with a range between 18oC and 19oC) and 
a higher diurnal variation (Δt = 1oC). The LTM building showed the highest variation of all three construction methods, 
Δt = 1.5oC, and its internal air temperature being in the range between 17.5oC and 19oC. 
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Figure 17: Simulation results on intra-fabric temperature distribution for a representative day of spring, 23 April 
2017: a) ICF, b) HTM, c) LTM. 
 
 
Figure 18: Simulation results on internal air temperature variation for a representative day of spring, 23 April 2017: 
a) ICF, b) HTM, c) LTM. 
The cumulative conduction heat flow energy from the inside wall surface for the ICF and the LTM buildings was plotted 
for three days during the cold period (Fig.19). The aim was to perform a direct comparison between the LTM and the 
ICF walls to investigate the impact of the ICF thermal mass on the heat flowing in and out of the building. Since both 
wall constructions have the same thermal transmittance (U-value), any difference in the total heat losses and gains can 
be solely attributed to the thermal mass of the ICF concrete core. The total heat loss of the LTM building was calculated 
to be around 280Wh, whereas the corresponding total heat loss of the ICF building was around 180Wh. The ICF showed 
100Wh less heat loss to the exterior due to the thermal storage capacity (and the constant temperature) of the concrete 
core. Moreover, the LTM wall showed 30Wh of heat gains from the outside to the interior of the space, when the ICF 
wall showed no evidence of heat gains. 
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Figure 19: Inside face surface cumulative conductive heat energy flow. Comparison of ICF and LTM walls for three 
representative days of the spring unoccupied period, 21 – 23 April 2017: a) Conduction heat loss from zone to the 
exterior, b) Conduction heat gain for the exterior to zone. 
4. Discussion 
The following section discusses the academic implications of this research, in respect of key literature in the area, and 
makes clear the contribution to knowledge. Although there is a number of previous studies analysing the thermal 
performance of ICF, these were mostly either field studies, measuring the performance of specific buildings in specific 
scenarios [14], or simulation studies, without a means to evaluate the accuracy of simulation predictions [17][18][20]. 
There are only a few studies that combine monitoring and simulation results, yet these typically focus only on surface 
temperatures and heat flow rates and were performed for the cold climate of Canada [15][16][19]. To the authors’ 
knowledge that is the first whole building monitoring study which combines computational analysis and empirical data, 
to investigate the thermal performance of an actual ICF building located in the temperate UK climate. The actual thermal 
performance of an ICF building is evaluated empirically and the monitoring results are used to build confidence on the 
accuracy of simulation predictions.  Subsequently, “what-if” scenarios of alternative wall constructions are combined to 
an in-depth computational analysis to draw conclusions on the transient thermal performance of ICF. 
4.1 Empirical validation of simulation results 
The analysis showed that the measured internal temperature of the ICF building is significantly more stable than the 
external dry-bulb temperature, which showed high diurnal swings. The small diurnal internal air temperature variation 
throughout both analysed periods confirms that the building fabric has a dampening effect, reducing internal temperature 
swings to a much smaller range than the ambient temperature, providing a stable internal environment.  
The simulation model of the ICF building was able to predict with a relatively good accuracy the amplitude of the 
internal air temperature daily swings during both summer and spring (RMSE = 0.25oC and RMSE = 0.45oC, 
respectively). However, in cold spring period the peaks of the maximum internal air temperature were slightly over-
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estimated by the model compared to the monitoring results, resulting in a higher decrement factor (c.40% higher average 
Df provided by the simulation model in comparison to reality). Moreover, the simulation results under-estimated the 
decrement delay during both warm and cold periods under investigation, indicating a shortcoming of the models.  
4.2 The impact of varying thermal mass 
The comparison of ICF, HTM and LTM buildings confirmed the findings of previous studies [18][20][25], i.e. that 
thermal performance of ICF sits between the other two construction methods. The diurnal temperature variation of the 
ICF building showed slightly increased peaks of maximum in comparison to the HTM building, but overall the two 
buildings performed very similarly. Surprisingly, the LTM building was found to have a similar diurnal temperature 
profile to the other two construction methods, although one would expect its decrement factor to be significantly higher 
than heavyweight structures, with a smaller time lag, resembling the diurnal temperature variation of ambient air. This 
was proven to be mainly attributed to the heavyweight construction of the ground floor slab, which was kept the same 
in all three buildings.  Furthermore, the results of the analysis showed that the dampening effect of the ICF building in 
internal air temperature swings was very much affected by the thermal mass of the floor construction. Nevertheless, 
during warm weather, regardless of the floor construction, the thermal storage capacity of the ICF walls resulted in an 
average of 2oC reduction in the internal air temperatures compared to the LTM building.  
The decrement factor of the HTM building was the smallest of the three cases, during both warm and cold weather. The 
ICF building showed a comparable decrement factor to the LTM building during both periods of analysis, indicating 
that the thermal storage capacity of the ICF walls had no significant impact on a daily temperature variation cycle. The 
reduction of zone mean air temperatures by 2oC in the ICF building however, when compared to the LTM building 
during warm period, showed that the thermal inertia of the ICF concrete core affected the overall thermal storage of the 
walls in longer cycles (i.e. weekly or seasonally) and had consequently an impact on the internal air temperatures. A 
finding which was further enhanced by the results of the sensitivity analysis.  
4.3 Sensitivity analysis of wall material properties 
The SA for the ICF building, indicated that among the wall material properties, the density, specific heat capacity and 
thickness of the concrete core were the most influential parameters (with regards to the zone mean air temperature during 
both warm and cold weather). In other words, the SA showed that the thermal storage capacity of the ICF concrete core 
is not as thermally decoupled from the internal space as one would expect and it does affect the internal air temperatures 
in the building. This finding becomes particularly relevant when considering several simplified methods used for the 
calculation of energy use in buildings for compliance, such as the BS EN ISO 13790: 2008 [52] and the UK 
Government’s standard assessment procedure for energy rating of dwellings (SAP2012) [53]. Taking SAP as an 
example, to calculate the thermal mass parameter of an element, one needs to calculate the heat capacity of all its layers. 
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However, it is specifically stated that starting from the internal surface, the calculations should stop when one of the 
following conditions occurs: 
• an insulation layer (thermal conductivity <= 0.08 W/m·K) is reached; 
• total thickness of 100 mm is reached. 
• half way through the element; 
Similarly in ISO 13790: 2008, the internal heat capacity of the building is calculated by summing up the heat capacities 
of all the building elements for a maximum effective thickness of 100mm. In other words, according to SAP and ISO 
13790 the thermal storage capacity of ICF concrete core should be completely disregarded, which this research has 
clearly shown to be problematic. The results of this analysis indicate that ICF could be a viable alternative for energy 
efficient construction. However, the study has also shown that the use of reliable, validated dynamic whole building 
simulation is imperative in order to evaluate accurately the thermal performance of new construction methods, of which 
there is currently little empirical knowledge. 
4.4 Heat flux analysis 
To investigate the thermal storage capacity of the ICF wall component further, the transient performance of the ICF wall 
was analysed by looking at internal surface and intra-fabric temperatures alongside the internal surface heat flux as 
recorded by the monitoring study and based on simulation predictions. The analysis showed that the concrete core of the 
ICF wall was kept at a relatively constant temperature, acting as a buffer to heat flowing in and out of the building. In 
the comparison of ICF and LTM buildings, the concrete core of ICF resulted in reduced heat losses from the internal 
space towards the exterior environment. Considering that the only difference among the two wall construction methods 
was the level of thermal mass due to the concrete core (same U-value, same internal and external surface materials), 
then this reduction of heat losses can be solely attributed to the thermal inertia of the ICF concrete core. Reilly and 
Kinnane [2] introduced the concept of Transient Energy Ratio (TER), in order to assess the role of thermal mass. 
According to them, the role of thermal mass can be assessed by comparing an accurate, transient model which accounts 
for thermal mass effects, to a static model of the same scenario.  
 𝑇𝐸𝑅 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑚𝑜𝑑𝑒𝑙 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑎 𝑠𝑡𝑎𝑡𝑖𝑐 𝑚𝑜𝑑𝑒𝑙
 (8) 
Applying the TER to this research, the transient energy ratio measured the energy flow through the ICF wall, divided by 
the energy flow through a LTM wall (with the same thermal resistance but zero heat capacity, i.e. no thermal mass). The 
results indicated a TER = 0.63. In other words, in the comparison of ICF to LTM building the thermal inertia of the ICF 
concrete core resulted in 37% less heat losses to the exterior.   
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Finally, the comparison of ICF to the HTM building indicated that the internal insulation layer of the ICF reduces the 
admittance of the wall considerably and moderates its ability to capture and store internal heat gains during times of 
surplus. Consequently, depending on the use, the design and the location of the building, ICF could be more vulnerable 
to overheating compared to a HTM building. For the specific case study however, the analysis showed that a high thermal 
mass floor construction is able to stabilise the internal air temperature significantly, even when the walls are lightweight. 
Considering that one of the advantages of ICF in comparison to lightweight MMCs is its structural ability to support 
heavyweight floors, the overall thermal mass of the whole structure could be significantly increased. 
5. Research Limitations 
 
The analysis presented in this paper focused on the thermal performance of ICF in terms of internal air temperature. To 
investigate how the fabric would perform (with regard to internal air temperatures) it was essential to focus on periods 
without space conditioning, when the house was performing under a free-floating mode. Hence, two, one week long 
periods were included, when the house was unoccupied, one during summer warm weather and one during spring cold 
weather. This however, prevented several important factors related to thermal mass from being analysed, such as the 
impact of variable internal gains and air flows, the impact of intermittent occupation, the risk of overheating and others. 
Comparing the relative performance of the ICF building against the other two construction methods showed that, for 
this specific case study, the former behaves closer to the HTM building. However, extending the analysis to also include 
occupied periods, could improve the reliability of this outcome.  
The cold unoccupied period included in the analysis was during a week in April 2017. For the purposes of this study it 
was crucial to investigate the performance of the fabric, when the house operated in free-floating mode. The ambient 
temperatures during April of 2017 were low enough to consider this period as a representative cold period. However, 
the availability of solar radiation was higher when compared to a typical winter week. This resulted in higher internal 
air temperatures than normally expected for a free-floating building operation in the winter period. It would enhance the 
reliability of the research findings, if the cold period analysis was repeated for an unoccupied week in the winter months 
(i.e. December to February). 
A further limitation of the study was that during the monitoring period, only global horizontal radiation was recorded on 
site. The split between direct normal and diffuse horizontal components was performed in EnergyPlus using the Perez 
model [31]. This however introduces a certain level of modelling uncertainty, since there are no monitoring data 
available to use as a reference point for direct and diffuse radiation values used in the simulation. 
The internal air temperature was measured in one location within each room, using HOBO U12 stand-alone loggers. 
The loggers were placed at a height of 1.5m from the floor, away from heat sources and direct solar radiation, as 
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suggested in literature [5][54]. However, this decision does not account for the effects of air stratification that may arise 
in the room due to buoyancy. It may also introduce a systematic error in the results, which would be significantly reduced 
if more than one sensor had been placed per room and their average was used to calculate the zone mean air temperature, 
instead of the values from a single logger.  
6. Conclusions 
 
This research was set out to evaluate the internal thermal conditions of an ICF building and to investigate the contribution 
(or otherwise) of the thermal storage capacity of the ICF concrete core to the transient heat flow in and out of the building. 
The study followed a stratified research approach, including:  
1) Field-study analysis/ empirical evaluation of a real ICF building to collect high resolution data on the whole 
building performance (i.e. internal air temperature, energy consumption, dynamic performance of building 
fabric), which would serve as a reference point to validate the accuracy of simulation output against. 
2) Calibrated, empirically validated simulation, which framed the basis for understanding the key features 
associated to thermal mass, such as the transient heat transmission in and out of the building and the sensitivity 
of the internal environment to the physical properties of the construction related to its thermal storage capacity.  
By doing this, a new procedure was presented for proofing the thermal storage capacity of new and innovative materials, 
where their thermal performance is not yet well-researched. This was tested using ICF. The internal layer of insulation 
in the ICF assembly, reduces the thermal admittance of the wall, making it difficult to quantify the actual thermal mass 
potentials of the element. Hence based on simplified calculation methods, ICF would be characterised as a thermally 
lightweight structure. The work reported here, followed a number of steps and proved that the element’s concrete core 
is not as thermally decoupled from the internal space as has been thought to be the case. Rather, the concrete core of the 
ICF element was found to act as a buffer to the heat flow that occurs in and out of the building. Due to its thermal inertia 
the concrete was kept at a relatively constant temperature, thereby reducing transmission losses and gains (compared to 
a low thermal mass wall with equal levels of insulation). Undoubtedly, the internal insulation layer reduced the 
admittance of the wall, so decreasing the amount of heat penetrating the ICF fabric (compared to a similar wall with 
exposed thermal mass). Therefore, a higher risk of overheating might be anticipated for an ICF building compared to a 
high thermal mass building in scenarios with increased internal loads or in a building located in warmer climates than 
the UK.  
In addition, the findings of this study showed that simplified calculation methods commonly used in industry to 
demonstrate regulatory compliance could be inaccurate for new and innovative construction methods. This could 
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potentially lead to misconceptions about their thermal behaviour and affect their market penetration. Therefore, the use 
of reliable dynamic whole building simulation is necessary in order to evaluate accurately the thermal performance of 
specific buildings and non-conventional construction methods. Previous research has showed that the divergence in the 
simulation predictions provided by different tools for the same ICF building could be as high as 26%, when users rely 
on default settings and input values [25]. This paper has shown that if the ICF building is correctly represented in BPS, 
(i.e. with correct input values representing its actual performance and suitable selection of calculation algorithms), then 
the BPS models are able to predict the thermal performance of the building with a good accuracy. While there was a 
discrepancy in the calculation of the fabric’s dynamic characteristics (decrement factor Df and decrement delay ω), the 
simulation models showed an overall good representation of reality with regards to diurnal temperature variations.   
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Appendix 
Table A. 1 Thermal properties of all three wall construction materials included in the analysis (i.e. ICF, HTM, LTM) 
Element  
(outside to inside) 
Thickness 
(mm) 
Conductivity 
(W/mK) 
Density 
(kg/m3) 
Specific 
Heat 
Capacity 
(J/kgK) 
Diffusivity 
(mm2/s) 
U-Value 
(W/m2K) 
ICF 
Wall 
Cement Screed 3 0.8 2100 650 0.586 
 
Cement Plaster 3 0.72 1760 840 0.487 
EPS Insulation 210 0.037 25 1400 1.057 
Cast Concrete 147 2 2300 1000 0.87 
EPS Insulation 108 0.037 25 1400 1.057 
Plasterboard 13 0.21 950 840 0.2632 
Total 
      
0.113 
HTM 
Wall 
Cement Screed 3 0.8 2100 650 0.586 
 
Cement Plaster 3 0.72 1760 840 0.487 
EPS Insulation 318 0.037 25 1400 1.057 
Cast Concrete 147 2 2300 1000 0.87 
Plasterboard 13 0.21 950 840 0.2632 
Total 
      
0.113 
LTM 
Wall 
Cement Screed 3 0.8 2100 650 0.586  
Cement Plaster 3 0.72 1760 840 0.487 
EPS Insulation 318 0.037 25 1400 1.057 
Plasterboard 13 0.21 950 840 0.2632 
Total       0.115 
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Table A.2 Thermal properties of floor construction materials included in the parametric analysis. 
Element (from Outside to Inside) Thickness 
(mm) 
Conductivity 
(W/mK) 
Density 
(kg/m3) 
Specific Heat 
(J/kgK) 
LTM/  
ICF 
Lightweight 
Ground Floor 
Stone Bed 
Blinding Layer 
Membrane 
EPS Insulation 
Timber Flooring 
 
300 
50 
5 
350 
25 
 
1.802 
1.73 
0.19 
0.037 
0.14 
2243 
2243 
1121 
25 
650 
837 
837 
1647 
1400 
1200 
ICF 
Mediumweight 
Ground Floor 
Stone Bed 
Blinding Layer 
Membrane 
EPS Insulation 
Mediumweight 
Concrete Slab 
300 
50 
5 
350 
150 
1.802 
1.73 
0.19 
0.037 
0.2 
2243 
2243 
1121 
25 
600 
837 
837 
1647 
1400 
840 
HTM/ ICF 
Heavyweight 
Ground Floor 
Stone Bed 
Blinding Layer 
Membrane 
EPS Insulation 
Concrete Slab 
 
300 
50 
5 
350 
150 
1.802 
1.73 
0.19 
0.037 
2 
2243 
2243 
1121 
25 
2300 
837 
837 
1647 
1400 
1000 
 
 
Table A. 3 Description of the interior mass material properties included in the uncertainty analysis; mean (μ) and 
uniform distribution ranges. 
Interior mass material properties 
Thickness μ 0.5 
U [0.25, 0.75] 
Conductivity μ 0.2 
U [0.1, 0.3] 
Density μ 800 
U [400, 1200] 
Specific Heat Capacity μ 1400 
U [700, 2100] 
Area8 μ 8.5 
U [3.36, 16.8] 
 
  
                                                          
8 The uncertainty range in the area of the interior mass represents a uniform distribution with minimum 10% coverage 
and maximum 50% of the total floor area of the zone. 
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Table A. 4 Description of the material properties included in the sensitivity analysis; mean (μ) and uniform 
distribution ranges. 
ICF Wall d  
(mm) 
λ 
(W/mK) 
ρ 
(kg/m3) 
c 
(J/kgK) 
Cement Screed μ 0.003 0.8 2100 650 
U [0.0027, 0.0033] [0.72, 0.88] [1890, 2310] [585, 715] 
Cement Plaster μ 0.003 0.72 1760 840 
U [0.0027, 0.0033] [0.648, 0.792] [1584, 1936] [756, 924] 
EPS Insulation μ 0.210 0.037 25 1400 
U [0.189, 0.231] [0.033, 0.041] [22.5, 27.5] [1260, 1540] 
Cast Concrete μ 0.147 2.00 2300 1000 
U [0.1323, 0.1617] [1.8, 2.2] [2070, 2530] [900, 1100] 
EPS Insulation μ 0.108 0.037 25 1400 
U [0.0972, 0.1188] [0.033, 0.041] [22.5, 27.5] [1260, 1540] 
Plasterboard μ 0.013 0.21 950 840 
U [0.0117, 0.0143] [0.189, 0.231] [855, 1045] [756, 924] 
HTM Wall 
Cement Screed μ 0.003 0.8 2100 650 
U [0.0027, 0.0033] [0.72, 0.88] [1890, 2310] [585, 715] 
Cement Plaster μ 0.003 0.72 1760 840 
U [0.0027, 0.0033] [0.648, 0.792] [1584, 1936] [756, 924] 
EPS Insulation μ 0.318 0.037 25 1400 
U [0.2862, 0.3498] [0.033, 0.041] [22.5, 27.5] [1260, 1540] 
Cast Concrete μ 0.147 2.00 2300 1000 
U [0.1323, 0.1617] [1.8, 2.2] [2070, 2530] [900, 1100] 
Plasterboard μ 0.013 0.21 950 840 
U [0.0117, 0.0143] [0.189, 0.231] [855, 1045] [756, 924] 
LTM Wall 
Cement Screed μ 0.003 0.8 2100 650 
U [0.0027, 0.0033] [0.72, 0.88] [1890, 2310] [585, 715] 
Cement Plaster μ 0.003 0.72 1760 840 
U [0.0027, 0.0033] [0.648, 0.792] [1584, 1936] [756, 924] 
EPS Insulation μ 0.318 0.037 25 1400 
U [0.2862, 0.3498] [0.033, 0.041] [22.5, 27.5] [1260, 1540] 
Plasterboard μ 0.013 0.21 950 840 
U [0.0117, 0.0143] [0.189, 0.231] [855, 1045] [756, 924] 
 
 
